Solute-Dependent CapillarityInduced Focused Flow during Infi ltra on into Alcohol-Contaminated Soil
Most organic compounds, when dissolved in water, decrease the surface tension of the water and many change the we ability of porous media. This directly aff ects capillary pressures and can induce water fl ow and solute transport in the vadose zone. This study inves gated a coupled unsaturated fl ow and transport phenomenon, solute-dependent capillarity-induced focused fl ow (SCIFF) , that has signifi cant implica ons for infi ltra on into contaminated unsaturated zones. A two-dimensional laboratory fl ow cell and the two-dimensional hystere c saturated-unsaturated fl ow and transport numerical model HYDRUS-2D, which was modifi ed to include solute concentra on-dependent hydraulic func ons, were used to demonstrate and quan fy the eff ect of SCIFF on point-source infi ltra on of clean water into contaminated sand. The diff erence between the SCIFF infi ltra on event and tradi onal water infi ltra on into uncontaminated sand is striking. Highly focused ver cal fl ow with very li le horizontal migra on was characteris c of the SCIFF infi ltra on event from a constant-fl ux point source. The SCIFF resembles a single fi nger as in classic fl ow instability fi ngering; however, the SCIFF system has the added complexi es of aqueous solute concentra on-dependent hydraulic func ons. The SCIFF mechanism may well be ac ve at many sites where the vadose zone has signifi cant contamina on with organic compounds. Another signifi cant fi nding was that the magnitude and trend in moisture content changes measured by me domain refl ectometry (TDR) did not match point values from the simula ons because the TDR sample area extended beyond the width of the SCIFF zone. A good match between TDR and simulated values was obtained by determining the average simulated moisture content within the same region sampled by the TDR.
Abbrevia ons: SCIFF, solute-dependent capillarity-induced focused fl ow; TDR, me domain refl ectometry.
Most organic compounds, including many of environmental interest, reduce the surface tension of water, and many also change the wettability of porous media. Th ese surface-active organic compounds can occur in soil water naturally or may be introduced by accidental contaminant releases or the intentional introduction during subsurface remediation activities. It has been known for decades that surfactants and alcohols can aff ect unsaturated fl ow behavior because of the dependence of capillary pressure on surface tension and wettability (Bear, 1972) . Th e signifi cance and complex nature of these highly nonlinear and dynamic unsaturated fl ow and transport systems have been demonstrated in experiments and numerical modeling designed to isolate the mechanism. For example, nonuniform surfactant distributions have been shown to cause water to fl ow in unsaturated, uniformly wetted, closed, horizontal soil columns that would have remained static without surfactants. Th e observed fl ow was directly due to capillary pressure gradients caused by concentrationdependent surface tension diff erences (e.g., Tschapek and Boggio, 1981; Fort, 1993, 2002; Henry et al., 1999 Henry et al., , 2001 Bashir et al., 2008 Bashir et al., , 2009 ). Henry and Smith (2003) presented a review of experiments and modeling related to surfactant-induced fl ow. Th ey reported that there is a tendency for water to fl ow from contaminated regions toward cleaner regions. We hypothesized that this mechanism would "focus" fl ow in a system in which pure water displaces alcohol or surfactant solution, and fl ow would diff er signifi cantly from systems in which such solutions displaced pure water. Th e purpose of the work presented here was to investigate the case of pure water displacing an antecedent aqueous solution of a dissolved, surface-active solute (butanol).
Given that most organic contaminants exhibit some degree of surface-active properties (e.g., surface tension or wettability change with concentration), the miscible displacement of A two-dimensional lab fl ow cell and HYDRUS-2D with concentrationdependent func ons, were used to investigate a coupled unsaturated flow and transport phenomenon referred to as solute-dependent capillarity-induced focused fl ow. Highly focused ver cal fl ow was characteris c of water infi ltra on into a sand ini ally containing n-Butanol.
surface-active solutions by the infi ltration of cleaner water may be a more common occurrence than currently appreciated. Examples could include natural precipitation onto contaminated soils, infi ltration galleries, and agricultural irrigation. Despite the fact that it is known that diff erences in surfactant concentration can induce unsaturated fl ow, however, the eff ect of the presence of antecedent dissolved surfaceactive solutes on the infi ltration of cleaner water has been overlooked.
Background
Soil water pressure (negative capillary pressure) is directly proportional to surface tension, as shown by the Laplace equation of capillarity (Bear, 1972) :
where ψ is the pressure head, P c is the capillary pressure, σ is the air-water surface tension, ρ is the solution density, g is the gravitational acceleration, and r 1 and r 2 are the principal axes of curvature of the air-water interface.
A second eff ect of surface tension on capillarity may be caused by changes in the contact angle with surfactant concentration (Watson and Letey, 1970) . Th e apparent contact angle is a function of the affi nity of the fl uids for each other and the solid surface, as expressed by the interfacial tensions through Young's equation:
where subscripts a, w, and s represent air, water, and solid, respectively, and β is the contact angle of the fl uid interface intersecting the solid surface. For a curved interface within a pore of equivalent spherical radius (r e ), we can express the curvature of an interface through r e and β:
c e 2 cos g P r
A change in surface tension at a given moisture content results in a proportional change in the soil water pressure. Th is is manifested as a shift , or "scaling," of the moisture retention curves along the pressure axis. Demond and collaborators (e.g., Demond and Roberts, 1991; Desai et al., 1992; Salehzadeh and Demond, 1994; Lord et al., 1997 Lord et al., , 2000 conducted rigorous investigations of the scaling of moisture retention curves in aqueous systems where both surface tension and contact angle changed with solute concentration. For dissolved butanol-silica sand systems such as ours, the moisture retention curves for a pure water-wetted medium have been shown to scale well by changes in surface tension alone, i.e., the contact angle is eff ectively constant (Smith, 1995; Smith and Gillham, 1999; Dury et al., 1998; . Moisture retention data and fi tted curves for the silica sand used in the present study, wetted with either pure water or a 7% butanol solution, are shown in Fig. 1 . Th e data for the pure water-wetted medium were measured in situ and the 7% butanol data points were predicted by scaling the data for the pure water system along the pressure axis by the ratio of the surface tension of the 7% butanol solution to the surface tension of pure water . Th e fi tted curves used for modeling are described in more detail below.
Materials and Methods

Miscible Displacement Experiments
Th e experimental work presented here was conducted as a subsequent stage to the work of , which examined the infi ltration of a butanol solution into clean, waterwetted sand. Full details of the experimental design were given by . Briefl y, a two-dimensional fl ow cell (2.44 by 1.53 by 0.108 m) was homogeneously packed with fi negrained silica sand (0.125 mm or 120 mesh, Kern's Rock Ranch, Tucson, AZ). Th e fl ow cell (Fig. 2) had a glass front plate for the collection of visual data. Moisture content and soil water pressure heads were measured at 30 instrumentation locations using TDR probes and tensiometers equipped with pressure transducers. Only the instrumentation stations discussed here are shown in Fig. 2 . Instrumentation stations are referred to by their row and column numbers (Fig. 2) . Th e shaded area in Fig. 2 corresponds to the area depicted in Fig. 3 and 4. Also shown in Fig. 2 is information regarding the boundary conditions used in the simulations, the location of the water table, and the location of the top of the capillary fringe for the 7% butanol-wetted medium. Th e 7% butanol capillary fringe height visible in the fl ow cell was ~20 cm, which is consistent with the air-entry value of the main drainage curve for the sand wetted with 7% butanol (Fig. 1) . Fig. 1 . Moisture retention curves for sand wetted with pure water and 7% butanol. Th e 7% butanol curves were calculated by scaling water curves by relative surface tension. Gray symbols are data, black lines are van Genuchten fi ts to the data.
Before the application of clean water at the point source, 7% butanol solution had been applied at the point source at a constant rate of 3 mL/min for 214.8 h . Due to the long duration of butanol solution application, the pore fl uid within the vadose zone in the vicinity of the point source had a concentration of 7% butanol. Th e moisture content and pressure head data, as well as the numerical simulations, are consistent with this condition . Aft er 214.8 h, the point source solution was switched from 7% butanol to pure water applied at the same fl ow rate. Th e time of the switch was "time zero" for the work reported here.
Numerical Simula ons
Numerical simulations of clean water displacing 7% butanol solution in the fl ow cell were conducted using a modifi ed version of the hysteretic, variably saturated fl ow and transport model HYDRUS-2D of Šimůnek et al. (1999) . modifi ed HYDRUS-2D to include solute-concentration-dependent surface tension and viscosity eff ects on moisture retention and hydraulic conductivity, respectively. Th ey successfully simulated the infi ltration of a butanol solution into clean unsaturated sand, although their modeling did not account for hysteresis. Bashir et al. (2009) further modifi ed the model and presented hysteretic simulations that improved on the fi t between the simulation results and the experimental data of . Th e Bashir et al. (2009) model was used for this study. Because the model was described in detail elsewhere, only the parameterization of the model for the present simulations is presented here.
Moisture retention behavior was described using the van Genuchten moisture content-pressure head relation (van Genuchten, 1980) and the unsaturated hydraulic conductivity function was calculated using Mualem's function (Mualem, 1976) applied to the van Genuchten retention function with the conventions m = 1 − 1/n and l = 0.5 invoked for the fi tting parameters m, n, and l. Th e measured saturated hydraulic conductivity of the sand was 350 cm/d. Butanol concentration-dependent eff ects on the unsaturated hydraulic conductivity were included in the model as a function of the relative viscosity of the butanol solution (Smith and Gillham, 1999; . All other model parameters were the same as those reported by , except that in this work the van Genuchten (1980) soil water characteristic relation was hysteretic, with retention parameters for the main drainage and wetting curves.
In the HYDRUS-2D code, the moisture content is calculated using the scaled value of pressure head in the van Genuchten (1980) equation as 
where θ s d and θ s w are the saturated moisture contents for the main drying curve θ d (ψ) and main wetting curve θ w (ψ) respectively, θ r is the residual moisture content, α d and α w are path-dependent parameters, n is a fi tting parameter that is assumed to be the same for drainage and wetting (Kool and Parker, 1987) , and m = 1 − 1/n . Th e diff erence θ d − θ w represents the maximum residual entrapped air content; however, for the case in which the main loop of the soil moisture characteristic curve is closed at saturation, it is assumed that θ s d = θ s w = θ s . Fitting of the van Genuchten functions to the main wetting and drying curve data for the water-wetted system in Fig. 1 using the RETC code yielded θ s = 0.27885, θ r = 0.03461, α d = 0.01605, α w = 0.02062, and n = 6.8838.
In the HYDRUS-2D code, hydraulic conductivity is calculated by fi rst calculating the eff ective saturation using the scaled value of the pressure head in the van Genuchten (1980) equation. We found that the numerical solution of SCIFF-induced unsaturated fl ow was more stable if hydraulic conductivity was calculated directly using the current moisture content value. Once the moisture content value was known, the hydraulic conductivity was calculated. A new subroutine was added to the HYDRUS-2D program segment Material. for. Th e subroutine calculates the hydraulic conductivity using . Simulation times ≥0 h correspond to the experimental data and simulations of this study; ψ is pressure head (cm of water), C butanol is relative concentration of butanol (C butanol = 1 corresponds to 7% butanol solution), q is applied fl ux, and z is elevation head.
where v o is the reference absolute viscosity (pure water), υ is the absolute viscosity of the solution of interest (butanol solution with concentration c), and K s is the saturated hydraulic conductivity.
Butanol sorption was assumed to be negligible because of the very low organic C content of the silica sand . Butanol partitioning into the air phase was not included, given its low vapor pressure and the observations of Smith and Gillham (1999) and . Th e aqueous diff usion coeffi cient for butanol was set to 0.864 cm 2 /d (Yaws, 1995) . Th e longitudinal and transverse dispersivities were assigned values of 1.0 and 0.1 cm, respectively .
The boundary conditions are shown in Fig. 2 . Constant-head boundaries were specifi ed at the sides and no-fl ow boundaries were specifi ed at the top and bottom of the domain and above the water table on the exit boundary. A constant fl ux was specifi ed at the point source on the top boundary .
To achieve the initial conditions for the start of the pure water application, 7% butanol was applied at the point source for a simulated duration of 214.8 h (from simulation time −214.8 to 0 h). Aft er that time, the solute boundary condition at the point source was switched to a concentration of zero to simulate the application of pure water into the butanol-contaminated system.
Results and Discussion
Th e simulations and associated experimental data are presented in two ways. First, we present simulations of moisture contents and fl ow velocities, as well as a photo of the experiment, that illustrate the larger scale SCIFF behavior. Second, we present the experimental measurements of moisture content and soil water pressure at specifi c locations below the point source during fl ushing, along with the corresponding simulation results. 
Simula ons of Pure Water Infi ltra ng into a Clean Vadose Zone
Simulations of the usual scenario of pure water infi ltrating into an uncontaminated vadose zone are presented in Fig. 3 as a reference case (base case) for direct comparison with infi ltration into the alcohol-contaminated vadose zone. Th e initial (time zero) base case in Fig. 3a shows steady-state groundwater fl ow from right to left within and near the capillary fringe. For reference, the average elevation of the water table was about 80 cm (83.3-77.5cm). Aft er 2.4 h of water application at the point source (Fig. 3b) , the wetted zone is about 50 cm across and exhibits some infl uence on the background right-toleft water fl ow in the higher moisture content region about 35 cm below the surface. At 7.2 h (Fig. 3c) , the wetting event is about 75 cm across, has caused moisture content mounding near the capillary fringe, and is approaching its steady-state form.
Simula ons of Pure Water Flushing of Alcohol-Contaminated Vadose Zone
Th e simulated macroscopic unsaturated fl ow behavior during pure water infi ltration into the alcohol-contaminated vadose zone is examined in Fig. 4 and 5. In Fig. 4 , the initial condition (time zero) is steady-state infi ltration of 7% butanol from the point source, and the entire vadose zone is wetted with 7% butanol . Note that despite the fact that the water tables are at the same elevation, the capillary fringe thickness in Fig. 4a is smaller than in Fig. 3a due to the impact of the 7% butanol solution on the air-entry pressure, as seen in Fig. 1 . Aft er time zero (Fig. 4a) , the source concentration at the surface point source was changed to 0% butanol, i.e., clean water.
At 2.4 h (Fig. 4b) , there are two distinct fl ow zones within the unsaturated medium. Th e butanol solution has drained substantially from the upper portions of the domain because the highly focused clean water infiltration SCIFF event no longer provides flow to those regions. Instead, the fl ow of the clean water is confi ned to a narrow strip directly below the point source. Th e fl ow vectors show that the local fl ow near the edges of the infi ltrating clean water in the upper portion of the domain (125-140-cm elevation) is converging toward the clean water rather than diverging, as was the case during steadystate infi ltration of the 7% butanol at time zero. Th is is a direct eff ect of the hydraulic gradients associated with the alcohol concentration gradient and illustrates a primary mechanism in SCIFF. Th e narrowly focused infi ltration was caused by the fact that the lower moisture content, butanol-contaminated zones had higher pressure heads (lower magnitude capillary pressure) than the wetter, clean water zones associated with the infi ltrating water. As a result, fl ow was induced to occur from the contaminated zones toward clean zones. Th is fl ow behavior is in contrast to the normal case within a homogeneous unsaturated porous medium, in which lower moisture content zones under drainage are always associated with lower (more negative) pressure heads.
At 7.2 h (Fig. 4c) , the clean water has reached the capillary fringe and approached a stable form with near-zero horizontal fl uxes along the margins of the higher moisture content, lower concentration SCIFF region. Aft er this time, subsequent increase in the width of the focused fl ow region was primarily associated with solute concentration decreases along the margins of the SCIFF zone caused by the relatively weak process of transverse hydrodynamic dispersion. As the butanol concentrations along the margins of the SCIFF region decrease, the local moisture content-pressure head relationship moves toward the pure water curve and thus Fig. 5 . Simulated moisture content (MC), solute concentration, and pressure head (P) vs. distance along a horizontal cross-section 25 cm below the point source (elevation 128 cm) at 0, 1.9, 2.4, 7.2, and 12 h following constant-fl ux application of pure water at the point source. Th e cross-section is centered directly below the point source.
more water is held at any given pressure head, i.e., the relation shift s to the left (lower concentrations) as depicted in Fig. 1 . Figure 5 is a plot of simulated moisture content, pressure head, and concentration vs. distance along a horizontal cross-section 25 cm below the point source (elevation 128 cm) at 0, 1.9, 2.4, 7.2, and 12 h. Th e cross-section is centered directly below the point source. Figure  5 illustrates the SCIFF focusing eff ect well and confi rms that it was primarily caused and sustained by horizontal pressure head gradients. By 1.9 h, the wetting front has reached a depth of ~25 cm and an increase in moisture content is apparent in the center of the focused fl ow region. Th e width of the wetted region was only about 12 cm, with a peak moisture content of 0.24 in the center. For reference, the maximum saturated moisture content of the sand used in the simulations was 0.27 (see Fig. 1 ). By 2.4 h, the moisture content in the center of the SCIFF region increased to 0.26. Th e fl ow became more focused, i.e., the moisture content in the center of the wetted zone was higher and the width of the 0.10 moisture content wetted zone was narrower. Th ere were also small increases in moisture content (~0.055-0.065) along the margins (±15 cm from the center), however, associated with small decreases in alcohol concentration and associated small shift s in the local moisture retention relation. Between 2.4 and 7.2 h, a decrease in moisture content occurred at the center of the wetted region as the wider focused fl ow fi nger propagated the same applied fl ux. Reduced inward fl uxes along the margins were due to reduced concentrations of alcohol and a lower concentration gradient along the margin of the wetted region. By 12 h, the moisture contents in the wetted region had decreased further, but it is noteworthy that the width of the wetted region had changed little since the wetting front arrived. Th is is an eff ect of the alcohol concentration induced reduction in surface tension reducing the moisture contents along the margins of the SCIFF region. Specifi cally, the horizontal capillary pressure gradients generated very small fl uxes because the local moisture contents were near residual values (<0.05) and local unsaturated hydraulic conductivities were very small.
Th e inclusion of hysteresis in the hydraulic functions in the simulations had a small impact on the magnitude of the SCIFF in the scenarios simulated. As shown in Fig. 1 , the contaminated system had pressure heads higher than the clean system at any moisture content less than saturation. Also, the hysteresis loop for the alcohol-contaminated system is signifi cantly narrower than for the clean water system, i.e., proportional to the pressure head scaling. Th is, combined with the fact that the fl ow event was primarily wetting with smaller magnitude localized drainage, led to hysteresis playing a secondary role in SCIFF relative to the solute-concentration-dependent eff ects. Th e fl uxes adjacent to the focused fl ow region that are part of the focusing mechanism would be inward with or without hysteresis included. With hysteresis included, the small migration along a draining scanning curve causes slightly more negative local pressures in the wetted region that cause the magnitude of those inward fl uxes to be somewhat smaller. Figure 6 shows the two-dimensional fl ow cell approximately 72 h aft er the start of infi ltration of clean water at the point source. We chose this time to demonstrate that the narrow SCIFF region below the point source persisted even at much later times than those examined in the simulations above. Th e blue color in the fi gure is dye that was added to the 7% butanol solution . Note that the darker zone with dashed black lines denotes the infi ltration of the dyed 7% butanol described by . Th erefore, lighter shades of blue within the dyed region correspond to lower butanol concentrations. Th e water table, capillary fringe (for the 7% butanol-wetted system), and visually apparent clean water zone are highlighted. Th e boundary of the visually apparent clean water zone was not sharp, but a gradational change was visually observed. Th e unmarked picture did not show the boundary between the clean and contaminated regions as well as desired, so a line was included to show the approximate location of the boundary. Th e width of the transition regions at the edges of the clean water zone was visually seen to be ~1 to 2 cm. We used the center of the transition zone to establish the boundaries for the clean water zone in Fig. 6 .
Experimental Evidence of Focused Flow
Th e SCIFF created a relatively narrow, gravity-dominated focused fl ow fl ushed column through the unsaturated zone. Once the fl ushed column reached the capillary fringe, uncontaminated water was supplied to the saturated region. Th e lower concentration groundwater plume migrated horizontally within the saturated region above and below the water table and within the preexisting butanol plume. Th is has clear implications for the mass removal effi ciency following soil fl ushing remediation scenarios and can be expected to cause a longer tailing eff ect of alcohol removal than expected for a more uniform, unfocused fl ow, wetting front . Th e horizontal distance between supports is 50 cm.
scenario. Th is intermediate-scale laboratory experiment confi rms the presence of the SCIFF phenomenon and is consistent with the macroscopic numerical modeling results. Figure 7 shows TDR-measured and simulated moisture content and soil water pressure values for the column of instrumentation stations 16.9, 28.8, and 49.2 cm directly below the point source (Column 2 in Fig. 2 ) as a function of time. Time zero corresponds to the time at which the solution applied at the point source was switched from 7% butanol solution to pure water, i.e., the beginning of the SCIFF experiment. At Location (1,2), 16.9 cm below the source, the measured pressure head increased briefl y, then decreased from −18 to −46 cm. During the same time interval, the moisture content increased from 0.14 to 0.22, then drained back to 0.18, before starting a slow increase to 0.19 at approximately 60 h. Th is general type of pressure head and moisture content fl ow perturbation associated with an alcohol transport solute front in unsaturated porous media has been observed and simulated by Smith and Gillham (1999) , , and . In this case of clean water infi ltrating into alcoholcontaminated soil, however, the decrease in alcohol concentrations have shift ed the moisture content-pressure head relation such that with time the soil stored more water than the contaminated soil did at the same pressure head. Th e model simulation results captured fi rst-order overall behavior but did not fi t the data well. Th e magnitude of the moisture content changes were too large in the simulations and they failed to depict the slowly increasing moisture contents at longer times aft er the solute front had passed. It is noteworthy that the induced fl ow events are associated with a solute front that was sharp (little dispersion). Th ese highly localized fl ow perturbations associated with the solute front are characteristic of solute-concentration-dependent coupled unsaturated fl ow and transport. Given the relatively poor fi t of the simulations to the data, we varied the model parameters within reasonable ranges to assess whether a substantially better fi t could be achieved by calibration. Th at exercise failed to generate improved simulations.
We hypothesized that the diff erences between the simulated and observed moisture contents shown in Fig. 7 were due to the relatively large sample area for the TDR data vs. the point moisture content value yielded by the simulations. For the two-rod TDR design we used , we calculated the approximate TDR probe sampling region following Knight (1992) to be about 2 cm thick vertically and 9 cm wide horizontally. Th is 9-cm width is approximately the same as the width of the SCIFF region as seen in Fig. 5 . As seen in Fig. 5 , the moisture content varied considerably across this width. Th e TDR-measured moisture content at instrumentation stations located within the SCIFF region is actually an average moisture content across this region, whereas the simulated moisture contents in Fig. 7 are "point" values from a small region (<0.75-cm diameter, the approximate model discretization) in the center of the SCIFF region. We used the specifi ed subregion output option within HYDRUS-2D to average the simulated moisture contents (note: pressures were not averaged) across 30 to 40 triangular elements covering the approximate TDR sample region for each instrumentation station. Th e TDR volume-averaged simulation results (Fig. 8 ) yielded a signifi cantly better fi t relative to the experimental data and captured the trend of slowly increasing moisture contents at longer times that was not exhibited by the single-point simulation results plotted in Fig. 7 .
Experimental evidence of the fundamental mechanism behind the focused fl ow is shown in Fig. 9 . Figure 9 shows simulated TDR sample volume-averaged and TDR-measured moisture content (MC) along a horizontal row (Row 2, Fig. 2 ) at a depth of 28.8 cm below the point source. Note that MC(2,2) is the same as the data plotted in Fig.  8 and is positioned directly below the surface source and thus along the centerline of the focused fl ow event. As discussed above, (2,2) exhibited an increase in moisture content on arrival of the focused fl ow, followed by a drop off as the front passed, then a slow small increase associated with the slow widening of the focused fl ow as the local butanol concentrations decreased due to lateral dispersion. Th e other two moisture content plots [MC(2,1) and MC(2,3)] are positioned 15 cm to the right and left , respectively, of MC(2,2). Th is fi gure provides experimental evidence consistent with the simulation results in Fig. 4 showing that infi ltration of the pure water was focused along the vertical center line, i.e., exhibits SCIFF. Th e two locations 15 cm off the center line [MC(2,1) and MC(2,3)] exhibited local drainage of the previously applied butanol solution, while location MC(2,2) exhibited a substantial SCIFF wetting event. Th e simulation results match the behavior at MC(2,1) and MC(2,3) well, i.e., a monotonic drainage event from about 0.10 to about 0.05 moisture contents. Th e narrow, higher moisture content focused-fl ow region conducted the applied fl ux of pure water, and consequently the lateral regions, which were initially fl owing at steady-state fl uxes from the same point source area and application rate (butanol solution), were not sustained. For completeness, the corresponding pressure head vs. time data for the same horizontal row (Row 2, Fig. 2 ) of instrumentation stations are also presented in Fig. 9 . Th e key point of the pressure head data is that both the measured and simulated plots show that the pressures within the focused fl ow, high moisture content region [P(2,2)] are lower than the pressures 15 cm to the left [P(1,2)] and right [P(2,3)].
Th is results in horizontal gradients that cause fl ow inward toward the higher moisture content SCIFF region. Th is is an illustration of the fundamental mechanism of SCIFF-concentration-dependent pressure heads constrain fl ow during the application of higher surface tension water to surfactant-contaminated regions.
Conclusions and Implica ons
Th e results of the intermediate-scale laboratory fl ow cell experiments and the fl ow and transport numerical simulation show that clean water infi ltrating into contaminated unsaturated zones containing surface-active compounds can result in SCIFF. Th is behavior is substantially diff erent than infi ltration in systems without concentration-dependent surfactant eff ects. While butanol was the selected solute in this study, the fl ow behavior is a direct eff ect of concentration-dependent capillarity and therefore not limited to alcohols.
Solute-dependent, capillarity-induced focused fl ow can occur when a porous medium contains miscible surfactants or solutes such as alcohols that aff ect capillarity. Because fl ow in systems contaminated with surface-active solutes tends to move from the contaminated regions toward cleaner regions (Henry and Smith, 2003) , the horizontal advance of a clean water front is limited during infi ltration into a contaminated medium. Th us, SCIFF is characterized by infi ltration through narrow, persistent preferential fl ow pathways that vertically penetrate quickly but grow in horizontal width very slowly. While SCIFF is similar in form to other unsaturated fl ow instability phenomena, it diff ers in that it is characterized by relatively large transient changes in local water characteristic curves and unsaturated hydraulic conductivities caused by solute concentration changes. Simulation of these systems requires the numerical coupling of solute transport and unsaturated fl ow with solute-concentration-dependent hydraulic functions. Th e highly localized fl ow perturbations associated with the solute front have been shown here to be at a scale smaller than captured by typical TDR probes. When fi ne spatial discretizations are used for simulating these systems, simulated "point" data do not match the TDR well and volume averaging of the simulation results is necessary to match the TDR data. Given that most dissolved organic compounds depress surface tension at the air-water interface and many may also change the wettability of porous media as a function of aqueous concentration, SCIFF behavior may occur to some meaningful degree at many sites with organic contamination in the vadose zone. Th e SCIFF mechanism was clearly illustrated by the infi ltration from a point source but can fundamentally be expected to also occur during nonpoint-source infi ltration.
Th ere are a number of implications of SCIFF, but we think the most notable is also probably the most prevalent. Specifi cally, we surmise that natural precipitation events on sites with contaminated vadose zones containing signifi cant concentrations of dissolved organic compounds may experience infi ltration that occurs as nonuniform wetting fronts due to SCIFF. Th is essentially unstable condition may have two long-term eff ects. First, it could cause short-circuiting of the vadose zone, with infi ltration events arriving at the water table sooner and transporting (fl ushing) signifi cantly less mass from the contaminated portion of the vadose zone. Th ese cleaner, previously fl ushed zones would tend to have higher moisture contents and higher unsaturated hydraulic conductivities than the adjacent contaminated zones, and as such may form relatively persistent preferential pathways for subsequent infi ltration events. A second resultant long-term eff ect could be increased spatial variability of contamination as the SCIFF regions become preferentially fl ushed while the surrounding soil is less well fl ushed and therefore may have a slower rate of contaminant reduction. Th ere are a number of confounding site-specifi c properties such as heterogeneity in hydraulic conductivities, sorption characteristics, and complex contaminant mixtures, but SCIFF may be a signifi cant additional process superimposed on the system as currently commonly conceptualized. For example, the short-circuiting by SCIFF described above could generate solute breakthrough curves that could resemble non-ideal behavior or kinetic desorption and therefore could possibly be misinterpreted. Solute-dependent, capillarity-induced focused fl ow thus has potential implications for aff ecting the effi ciencies of contaminant removal and migration by natural infi ltration and by remedial technologies designed to fl ush contaminants or alter prevailing biogeochemical conditions.
Given the possible implications for water fl ow and solute transport in contaminated systems and for contaminant remediation system design, SCIFF warrants further research involving theory development, numerical simulations, laboratory experiments, and fi eld investigations to better evaluate its relative role in fate and transport problems.
